(Fick) (Pa,co, -Pe,co,) Pa,coz V D = V T X (Bohr) (where Q = cardiac output, pco, = COz production,f= slope of CO, dissociation curve, PP,co, = mixed venous Pcoz, Pa,co, = arterial Pco,, V D = dead space, VT = tidal volume, Pe,coz = mixed expired Pco,). All the values on the right hand side of these equations are easily determined without blood sampling, except for arterial Pco,. However, if a value of arterial Pco, is substituted into the equations, simultaneous solutions for 0 and V D are obtained. In other words 0, VD and Pa,co, are intimately linked together once the other variables are known. Use has been made of this fact to construct a digital computer program (Godfrey, 1970) to solve the simultaneous equations for any number of alternative estimates of Pa,co, .
In the present study we have explored the extent to which various alternative estimates of Pa,co, affected the derived values for 0 and VD. This is of particular importance in order to interpret the response to exercise in subjects such as normal children in whom it is unjustifiable and often impractical to perform arterial catheterization.
MATERIALS A N D METHODS
The study was carried out on a total of 117 children (fifty-seven boys and sixty girls) aged 6-16 years. They were all healthy volunteers from local schools. Each child was examined clinically before the study in order to exclude significant disease. Informed parental consent was obtained in writing for every child. Their physical details are reported elsewhere (Godfrey, Davies & Wozniak, unpublished observations) . Each child reported to the laboratory after a light breakfast or lunch and was studied at rest and 3 and 3 of its previously determined maximum working capacity. All measurements were taken when in the steady state, usually during the third to fifth min of exercise. Expired gas was collected for 1 min in a Tissot spirometer and immediately analysed for 0, and CO,. During the collection, or immediately afterwards in the more timid child, a sample of arterialized ear lobe blood was collected by the method of Godfrey, Wozniak, Courtenay Evans & Samuels (1970). This was followed by determination of the mixed venous Pco, (PV,co,) , using essentially the method of Jones et al. (1967) , except that the rebreathing bag was primed with COz in 0, mixtures from premixed gas cylinders which facilitated the selection of a suitable gas to achieve a plateau. The PV,co, was taken to equal the plateau Pco, on the rebreathing Throughout the experiments 0, was analysed with a paramagnetic analyser (Servomex O.A. 150) and CO, with an infra-red analyser (WAS-4). These instruments were calibrated with four gas mixtures after every two or three patients. Ear lobe blood was analysed for Pco,, Po, and pH with microelectrodes (Eschweiler) which were calibrated with three gas mixtures and two standard buffers between each single sample. All calibrating gases were analysed in duplicate with a Lloyd-Haldane apparatus. The SD of the difference between duplicate estimates on the same sample of blood was 0.3 mmHg for Pco2, 0.9 mmHg for Po, and 0.005 units for pH. Correction for the difference between ear blood and arterial blood was made after the method of Godfrey et al. (1970) .
I

Calculations
Analysis of mixed expired gas enabled the computer to calculate ventilation and gas exchange from the raw data for each subject at each work load. These calculations provided the variables Vco, and Pe,co, while PV,co, was measured from the rebreathing record and fed into the computer. The program then used these three constants together with stepwise increments of possible values for Pa,co, to produce a series of alternative solutions of the Fick and Bohr equations for the work load in question. In fact the relationship between 0 and VD is a smooth In the present study, we used the graphs produced by the computer to read off two of the three variables e, VD and Pa,coz when the third was known as described above. For each work load in each subject five solutions were obtained from the graph using the following expected values as the known variable: (a) Arterialized ear lobe blood Pco, fully corrected by the method of Godfrey et al. (e) VD appropriate to body weight according to the relationship of Radford (1954) with our own modification for the effect of tidal volume (Fig. 2) .
The five alternative solutions to the Fick and Bohr equations and the Pa,co, which they implied for each work load in each subject were used to construct a series of regression equations in which the derived values were compared with the likely solutions. The likely solution for Pa,co2 was taken as the corrected ear lobe Pco, and used as the independent variable (X) against which the four remaining estimates of Pa,co2 were each regressed as dependent variables (Y) . The regression coefficient (B), the intercept on the Y axis (M), the correlation coefficient (r) and its significance (P) are all given for each of these equations in Tables 1 and 2.   TABLE 1 . Regression equations for rest for arterial PcoZ, dead space and cardiac output. Y is the dependent variable which is the parameter in the first column derived graphically from a normal dead space ( VD), a normal cardiac output (e), end-tidal PcoZ (ET), corrected end-tidal Pco2 after Jones et al. (1966) -(JET), or from ear lobe blood (Blood). X is the independent variable which is the assumed normal value for Pa,coz based on ear lobe blood PcoZ (Blood), the assumed normal value for dead space ( VD), or the assumed normal value for cardiac output based on oxygen consumption (0). In addition the number of points (n) from which the data was constructed is given together with the standard error of the estimate of Y about the line (SE Y). The same procedure was used for dead space in which case the likely value for VD used as the independent variable ( X ) was that based on body weight and tidal volume, and for cardiac output the likely value used ( X ) was that based on voz as described above. The four regression equations for VD and for 0 are also given in Tables 1 and 2 .
RESULTS
Using Table 1 (for rest) and Table 2 (for exercise) it was possible to make certain observations about the various alternative methods of calculating VD, 0 and Pa,co,.
Dead space
The highest correlation with the likely VD based on weight was obtained by using the VD calculated from ear blood Pco, (r = 0.79) or from uncorrected end-tidal PCO, (r = 0.78) at rest (Equations 5 and 7, Table 1 ). The simplest regression equation was that based on end-tidal Pco, ( B = 0.96, M = -4.1) implying that the value of VD calculated from uncorrected endtidal Pco, at rest agreed closely with what is predicted from body size (Fig. 3) . The error of all estimates of VD (SE Y ) was large. As far as exercise was concerned, the correlation coefficients were generally smaller than those at rest and the SE Y were larger, but again the estimate based on uncorrected end-tidal Pco, was the best (Equation 7, Table 2 ).
Cardiac output
Unlike VD, the estimations of 0 on exercise showed much greater agreement with the expected values than the estimations at rest (Equations 9-12, Tables 1 and 2). Indeed all the correlation coefficients were extremely high on exercise (0.92-0-94) with little to choose between the four alternative equations and all the SE Y values were between 0.8 and 1.0 l/min. It is particularly important to note the excellent agreement between the 8 calculated from ear lobe Pco, or from the Pco, implied by a normal VD (Equations 9 and 10, Table 2) with the expected 0 based on Vo2. The latter relationship is shown in Fig. 4 . Tables 1 and 2 ). Like the equations for however, the exercise values were rather better than those at rest, the best equations being those based on an assumed normal VD and on uncorrected end-tidal Pcoa (Equations 1 and 3, Table 2 ), but even so the SE Y was of the order of 3 mmHg.
DISCUSSION
In order to investigate the various methods of deriving Q and VD from the possible alternatives available in the CO, transport method of analysis a large number of calculations were necessary. The use of a digital computer to perform these calculations and to draw the graphs not only made the comparisons of this study possible, but also reduced mathematical errors to a minimum and vastly reduced the time spent on calculations.
The difference between the results at rest and on exercise for VD and Q can be explained by the fact that the arterio-expired Pco, difference changes relatively little from rest to exercise, while the veno-arterial Pco, difference widens considerably. The former difference governs the calculation of VD and being normally small (of the order of 10-15 mmHg), is hence susceptible to analytical errors both at rest and on exercise. The veno-arterial Pco, difference governing the calculation of Q enlarges from some 6-8 mmHg at rest to some 25-35mmHg on exercise. Thus Q is highly susceptible to any analytical error at rest but relatively insensitive on exercise. The above reasoning also explains the somewhat poor results obtained for VD based on ear blood Pco, since an error of 2 SD of the difference between true Pa,co, and ear blood Pco, (2.6 mmHg) as found by Godfrey et al. (1970) would significantly affect calculations of VD at rest and on exercise. It also accounts for the poor resting values of Q derived from ear blood Pco,.
Our best results were obtained using end-tidal Pco, to calculate VD but we found that the correction factor of Jones et al. (1966) 
gave poorer correlations (Equation 8, Tables 1 and 2).
This is not really surprising since it was derived from studies in adults under conditions rather different from ours-in particular their respiratory rate was lower. Gadhoke & Jones (1969) used this factor in their study but their resulting values for dead space can be shown to be very variable.
Our best results for Q were based on a predicted normal VD. This is helpful in children with normal lungs since VD increases with weight (Radford, 1954; Tenney & Bartlett, 1967; Levinson, personal communication) and can be predicted with reasonable certainty (Fig. 2) .
Our results for Q will be discussed more fully later , but the agreement with the predicted Q is encouraging. We did not apply the 'downstream correction' to PVco, We conclude that the Indirect (CO,) Fick method for 0 gives reliable results on exercise, even in quite small children, virtually independent of the method of estimating Pa,co,. The best method is to calculate Pa,co, from the Bohr equation using a normal VD predicted from weight if the lungs are normal. Alternative results based on end-tidal or ear blood Pco, are acceptable. Calculations of Q at rest are most unreliable. Calculation of VD from end-tidal or ear blood Pco, is moderately reliable.
